Over-representation of sequences on chromosome 7 and 8 have been reported to be associated with aggressive behavior of prostate cancer. In this study we have performed a molecular cytogenetic survey by comparative genomic hybridization of a cohort of 40 prostate cancer patients, consisting of 20 progressors and 20 nonprogressors, after radical surgery for localized adenocarcinoma. Progression was defined as a biochemical relapse, ie, an elevation in prostate-specific antigen level in the serum. The mean follow-up after prostatectomy for the progressor group was 10.6 years, for the nonprogressor group, 9.1 years. Using comparative genomic hybridization, we found that progressors harbored on average more aberrations than nonprogressors. Gains were especially more prominent among progressors (p Ͻ 0.05), whereas a statistical trend was detected for losses (p ϭ 0.10). As a consequence we examined all chromosome arms separately. The frequencies of loss for areas known to be frequently deleted in prostate cancer, such as 6q, 8p, or 13q, were not different between the two groups. A tendency was observed for more frequent gain on 3q in the progressor group (p ϭ 0.09). However, gain of 8q (minimal overlapping region at 8q24-qter) was significantly more frequent in the progressor group (p ϭ 0.04). This biomarker retained its significance when adjusted for the factors age, tumor grade, tumor stage, resection margin status, and preoperative prostate-specific antigen level. In conclusion we have created a map of genetic changes in progressive and nonprogressive prostatic carcinomas. Importantly, the presence of gain of distal 8q markedly reduced the progression-free survival, suggesting a clinical role for 8q gain in assessing the malignant potential of localized prostatic adenocarcinoma. (Lab Invest 2003, 83:789 -796).
P
rostate cancer is the most commonly diagnosed male malignancy and the second leading cause of cancer-related death in men in Western countries. This also counts for the Netherlands, where the number of cases increased from 4185 in 1989 to 6402 in 1997. In 1997 it ranged per 100,000 individuals from 130 cases at the age of 50 to 54 to 814 cases at the age of 80 to 84 (Visser et al, 2001) . Population-based prostate-specific antigen (PSA) screening has resulted in a marked increase in the early detection of prostate cancer (Potosky et al, 1995; Schröder et al, 1998) . It remains unclear, however, what fraction of these newly diagnosed cases represents subclinical disease, which might not require aggressive treatment.
Therefore, it is important to discriminate indolent tumors from cancers with aggressive and progressive potential. Current methods for assessing the prognosis of prostate cancer, such as clinical and pathological staging and histopathologic grading, fail to provide consistent predictive information regarding clinical outcome and therapeutic strategy in individual cases (Gittes, 1991; Gleason, 1992) . In the past decades, ample information has been published regarding the genetics of prostatic adenocarcinoma. However, genetic data concerning the biological behavior of prostate cancer are sparse.
Cytogenetic studies of prostatic adenocarcinoma have revealed trisomy of chromosome 7, del(7)(q22), del(8)(p21), del (10)(q24), and loss of the Y chromosome (Brothman et al, 1991; Lundgren et al, 1992) . LOH analyses have shown frequent loss on chromosome arms 3p, 6q, 7q, 8p, 9p, 10pq, 13q, 16q, 17q , and 18q (Cooney et al, 1996; Cunningham et al, 1996; Perinchery et al, 1999; Saric et al, 1999; Vocke et al, 1996) . Some of these alterations were implicated in aggressive tumor behavior, eg, loss on 8p, 16q, or 18q Matsuyama et al, 2001; Ueda et al, 1997) . Furthermore, comparative genomic hybridization (CGH) analysis applied to a panel of both primary and recurrent tumors revealed losses of 8p and 13q in more than 30% of cases, whereas recurrent tumors showed gains of 8q and of chromosomes 7 and X, as well as loss of 8p in more than half of cases . Furthermore, these recurrent tumors exhibited 8q gain Ͼ 10 times more often than the primary tumors. A CGH study of a panel of mostly regional lymph node metastases showed loss of 8p, 10q, 13q, 16q, and 17p, as well as gain of 1q, 3q, 8q, and 11p sequences in 50% or more of tumors (Cher et al, 1996) . FISH studies revealed numerical alterations of chromosomes 7, 8, 10, 16, 17, 18, X, and Y (reviewed in Brothman et al, 1999; van Dekken et al, 1997) , as well as deletions and amplifications of specific chromosomal regions, eg, 8p22 (Huang et al, 1996; Macoska et al, 1994) and the MYC region on 8q24 (Bubendorf et al, 1999; Jenkins et al, 1997) .
We and others Alers et al, 1997 Alers et al, , 1998 Alers et al, , 2000 Sato et al, 1999; Takahashi et al, 1994) have identified alterations of chromosomes 7 or 8 as potential tumor progression markers. A study by our group showed that gains, especially of chromosome 7pq or 8q sequences, were potent genetic markers for adverse prognosis in primary tumors of patients after radical prostatectomy (Alers et al, 2000) . A recent investigation revealed that these chromosomal changes can also be found in a subgroup of small tumors detected in screening programs (Alers et al, 2001 ). All these data warranted further evaluation of genetic markers in a group of patients with localized prostate cancer. Here we present genetic data of a cohort of 40 patients consisting of 20 progressors and 20 nonprogressors, with long-term follow-up after radical surgery.
Results
We have performed a molecular cytogenetic survey by CGH of a cohort of 40 prostate cancer patients consisting of 20 progressors and 20 nonprogressors after radical surgery for localized adenocarcinoma. These two groups of patients were found to have similar characteristics for age, preoperative PSA, pathologic grade, clinical stage, and resection margin status ( Table 1 ). The mean follow-up after prostatectomy for the progressor group was 10.6 years, for the non-progressor group, 9.1 years (range for both groups, 7 to 15 years). We found by CGH that progressors harbored on average more aberrations than nonprogressors (p ϭ 0.06). Gains were more frequent among progressors (p Ͻ 0.05); a statistical trend was detected for losses (p ϭ 0.10). In multivariate analyses these differences remained intact when adjusted for tumor grade, stage, and preoperative PSA. Subsequently each chromosome arm was compared for differences between progressors and nonprogressors. An overview of the CGH imbalances in both groups is depicted in Figure 1 , the alterations are listed in Table  2 . Frequent loss (Ͼ10% of cases; Fig. 1A ) in the progressor group was seen on 13q (60%), 8p (50%), 6q (30%), 5q (25%), 16q (20%), 10q, 17p, 18q, and Y (all 15%), whereas frequent gain was observed on 8q (35%), 3q (30%), 20q, and X (both 15%). In the nonprogressor group, frequent loss (Ͼ10% of cases; Fig. 1B ) was detected on 8p (40%), 6q (40%), 13q (30%), 5q, and 18q (both 15%). No frequent gains were seen in this group. Minimal overlapping regions for loss in both groups occurred at 5q21, 6q14-q16, 8p21, 13q21, and 18q21. A critical region for gain was seen only in the progressor group at 8q24.1-qter ( Fig.  1 ). The frequencies of loss for areas known to be often 
Discussion
We have screened a cohort of progressive and nonprogressive prostate cancer patients, with a mean follow-up of about 10 years by CGH, and disclosed gain of chromosome 8q as an independent biomarker for tumor progression. This was found after comparison of the two groups using the complete time interval. One could also investigate whether the time frame in which progression occurred was in keeping with the (minimal) follow-up of the nonprogressor group. In our series progression was seen within 6 years in 19 of the 20 progressive patients, whereas the minimal follow-up for the nonprogressors was 7 years. One patient became progressive after 9 years. Multivariate analysis for the presence of gain of 8q using the 6-year time frame, ie, with exclusion of the progressor after 9 years, again revealed retention of significance when adjusted for all of the standard prognostic factors. The minimal follow-up of 7 years therefore appeared an adequate time interval for detection of progression.
The spectrum of genetic changes found in this study are consistent with previous CGH investigations of prostatic cancer (Alers et al, 2000; Cher et al, 1996; Visakorpi et al, 1995) . We specifically addressed the issue of differences between progressive and nonprogressive disease. We were further interested in aberrations of chromosomes 7 and 8 because gain of sequences on these chromosomes has been associated with aggressive and progressive behavior of prostatic adenocarcinoma. Previously we reported that gain of chromosome 7 or 8q was inversely correlated with progression-free survival. In the present study, we were able to reduce the critical region that is implicated in prostate cancer progression to the distal region of chromosome 8q.
Gain of 8q has often been seen in metastases to the bone in association with 8p loss . This association suggests an isochromosome i(8q) formation Bova et al, 1993; Macoska et al, 1994 ). In addition we observed i(8q) formation by CGH analysis and karyotyping in two prostate cancer cell lines, PC 133 and PC 346 (unpublished data). PC 133 is a prostatic tumor cell line derived from a bone metastasis, whereas PC 346, derived from a primary prostatic tumor, displays rapid growth in mice (van Weerden et al, 1996) . Gain of sequences on chromosome 8 is reported to be associated with high tumor grade and stage Takahashi et al, 1994) . The target gene for this gain is currently not known. Chromosome 8q24 harbors the MYC oncogene. Amplification of this region was detected in a subset of metastatic and recurrent tumors (Bubendorf et al, 1999; Jenkins et al, 1997; Nupponen et al, 1998) and was shown to correlate with the presence of regional lymph node metastases (van den Berg et al, 1995) , as well as with poor prognosis (Alers et al, 2000; Sato et al, 1999) . Recently, gain of EIF3S3, located at distal 8q and encoding a eukaryotic translation initiation factor, was found associated with high-grade and high-stage prostatic cancers (Saramaki et al, 2001) . Furthermore, tumors with amplification of MYC appeared to have co-amplification of EIF3S3. Another candidate gene in this region may be the prostate stem cell antigen, mapping to 8q24.2, which is overexpressed in prostate cancer specimens and which overexpression is correlated with grade, stage, and androgen-independence (Reiter et al, 1998) . A recent gene expression study concerning the 8q24 region revealed eight overexpressed genes, including MYC (Tsuchiya et al, 2002) . Finally, a variety of zinc finger proteins, genes often involved in cancerous processes, are mapped to 8q24 (see the genecards database of the Weizmann Institute, World Wide Web URL: http://bioinfo.weizmann.ac.il/cards).
Other differences between the two groups, but without statistical significance, included losses on 10q, 13q, 16q, 17p, as well as gains on 3q and 20q. Gain of chromosome 20q, often involving the whole long arm, is frequently detected in high-grade, highstage neoplasms of various histologies . A trend was seen in our study for gain on 3q. This trend, however, was lost in multivariate analysis. Moreover, it was not feasible to assign a critical region of gain on this chromosome arm. Deletion of 13q21 and 16q23-q24 have been reported to be associated with metastatic behavior of prostate cancer (Dong et al, 2000; Li et al, 1999) . The loss on 10q might be related to aberrations of PTEN, which have been described in high-stage prostate tumors (McMenamin et al, 1999) . Also the recently described LAPSER1, a gene involved in cell growth regulation, might be related to the losses on 10q (Cabeza-Arvelais et al, 2001) . Deletions on 17p likely involve TP53, a gene reported to be altered in a subgroup of prostatic carcinomas with poor prognosis (Quinn et al, 2000) . Altogether these data are in keeping with the results of our investigation.
In conclusion, we have created a map of genetic changes in progressive and nonprogressive prostatic carcinomas. Gains of chromosomal sequences were more frequently distinguished in progressors. Specifically, the presence of gain of distal 8q markedly reduced the progression-free survival. It is tempting to speculate that this might yield a probe to assess the malignant potential of localized prostatic carcinomas in the individual patient. However, the current findings are based on a relatively small number of patients. We are now screening a large number of tumors using both tissue and genomic DNA microarrays to further delineate the genes underlying aggressive characteristics of prostate cancer.
Materials and Methods

Patient Data
The prostate cancer panel consisted of 40 routinely processed, formalin-fixed, paraffin-embedded tissue blocks selected from the radical prostatectomy specimens of 20 progressors and 20 nonprogressors (Table 1). The mean age of the progressors at operation was 62.9 years (range, 49 to 72 years); the mean age of the nonprogressors was also 62.9 years (range, 47 to 72). None of the patients received endocrine or radiation therapy prior to operation. The tumors were pathologically staged according to the pTNM classification (Hermanek et al, 1997) , and the specimens were graded according to the Gleason grading system (Gleason, 1992) . Our panel originally consisted of 22 progressors and 22 nonprogressors. However, two cases from each group were discarded due to insufficient CGH results. Importantly, this did not influence the statistics of the cohort.
Follow-up study of the remaining 40 patients showed progression after radical prostatectomy in 20 cases. In 19 patients this occurred within 6 years, with one patient showing progression after 9 years (mean, 3 years). Progression was defined as a biochemical relapse, ie, an elevation in PSA level in the serum. At this time, PSA level elevation was followed by clinical relapse, ie, distant metastases or local recurrence, in the majority of cases. The usage of elevated (0.2 ng/ml or greater) PSA as a first indicator for imminent local or distant recurrent disease has been reported by several authors (eg, Kupelian et al, 1996) . In this study, a biochemical relapse was defined as (a) two consecutive PSA serum levels Ն 0.2 ng/ml with an interval of at least 3 months followed by an elevated PSA (Ն0.2 ng/ml) or (b) a single observation of PSA Ͼ 1 ng/ml followed by an elevated PSA (Ն0.2 ng/ml). PSA levels Ն 0.2 ng/ml occurring in the first 3 months after radical prostatectomy were not considered a biochemical relapse if followed by undetectable (Ͻ0.1 ng/ml) PSA values. The progression-free survival was defined as the interval between the time of surgery and the first elevated PSA serum level (Ն0.2 ng/ml).
CGH
Isolation of DNA from the formalin-fixed, paraffinembedded tumor material was performed as described before by us . Briefly, the tissue blocks were counterstained in DAPI (0.1 mg/ml in distilled water) and placed under a fluorescence microscope, enabling a precise selection of the tumor area. Microdissection of the tumor areas was performed using a hollow bore coupled to the microscope. Lower boundaries were checked for the presence of tumor on 4 m hematoxylin-eosin-stained tissue sections. Excised material was minced using a fine scalpel, deparaffinized in xylene and ethanol series, and dried. Isolation of DNA from the formalinfixed, paraffin-embedded material was performed using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, Minnesota). Tumor DNA with a fragment size of Ͻ 1 kb was chemically labeled with biotin-ULS or fluorescein-ULS (Kreatech Diagnostics, Amsterdam, the Netherlands; Alers et al, 1999) . Tumor DNA with larger DNA fragment sizes was labeled by nick translation with biotin (Nick Translation System, Gibco BRL, Gaithersburg, Maryland) or with green fluorescent nucleotides (Molecular Probes, Leiden, the Netherlands). Likewise, male reference DNA (Promega) was labeled by nick translation with digoxigenin or red fluorescent nucleotides (both from Boehringer Mannheim, Indianapolis, Indiana). The reaction time and the amount of DNAse were adjusted to obtain a matching probe size for reference and tumor DNA. CGH was performed as described previously by us (Alers et al, 1999 (Alers et al, , 2000 (Alers et al, , 2001 . In brief, 400 ng of labeled archival tumor DNA and 200 ng of reference DNA and 15 g of unlabeled Cot-1 DNA were ethanol precipitated and dissolved in 10 l of hybridization mixture (50% formamide, 0.1% Tween-20, and 10% dextran sulfate in 2ϫ SSC at pH 7.0). A double amount of archival tumor DNA was used in comparison with fresh reference DNA. This was based on normal versus normal control experiments (Alers et al, 1999) . The probe mixture was denatured and hybridized to normal male metaphase chromosomes (Vysis Inc. Downers Grove, Illinois) for 3 days at 37°C. After washing of the slides, fluorescent detection of the biotin-and digoxigenin-labeled DNA probes was accomplished with avidin-fluorescein isothiocyanate and anti-digoxigenin rhodamine, respectively. Samples were counterstained with 4',6'-diamidino-2-phenyl indole in anti-fade solution. CGH analysis was performed with Quips XL software from Vysis (version 3.1.1). Loss of DNA sequences was defined as chromosomal regions where the mean green:red ratio was below 0.85, while gain was defined as chromosomal regions where the ratio was above 1.15. These threshold values were based on a series of normal controls. On average 10 intact metaphases were used for evaluation of a tumor. This procedure resulted in CGH profiles with a sensitivity at the chromosome band level (Alers et al, 2000; Kirchhoff et al, 1999) .
Statistical Analysis
The CGH procedure and analysis were done in a coded fashion, ie, the individuals assigning the CGH status were not aware whether a case concerned a progressor or a nonprogressor. Comparison of clinical characteristics between the two groups was performed using the Mann-Whitney-U test. Also the comparisons of the mean number of aberrant chromosomes per tumor, the comparisons of the mean numbers of chromosomes with losses or gains per tumor, and the relations between gain of 8q and clinical characteristics were evaluated with the Mannvan Dekken et al Whitney-U test. In one case (progressor 14) both loss and gain occurred on chromosome arm Xq. These were considered separate events. The resection margin status between the two groups was compared using Fisher's exact test. Differences between the two groups concerning individual chromosome arms were also compared using Fisher's exact test. Comparison between percentages of chromosomal alterations between groups were only performed if the alteration occurred in Ն 25% of cases in at least one of the two groups. Multivariate analysis was performed using exact logistic regression. P ϭ 0.05 (two-sided) was taken as the limit of significance; a p value between 0.05 and 0.10 was considered a statistical trend.
